The velocity of a single bubble in quiescent and flowing liquid was studied to gain information on the structure of bubble-and slug-flows of gas-liquid two-phase flow. In the experiments, tap water was used at room temperature and the bubbles were generated by injecting air with a syringe. The bubble velocities were evaluated from photographs taken by multiflash exposure. The tube diameters adopted were 5, 1 and 0.5 cm for the flowing liquid experiments and 1, 0.5 and 0.2 cm for the quiescent liquid experiments.
The velocity of a single bubble in quiescent and flowing liquid was studied to gain information on the structure of bubble-and slug-flows of gas-liquid two-phase flow. In the experiments, tap water was used at room temperature and the bubbles were generated by injecting air with a syringe. The bubble velocities were evaluated from photographs taken by multiflash exposure. The tube diameters adopted were 5, 1 and 0.5 cm for the flowing liquid experiments and 1, 0.5 and 0.2 cm for the quiescent liquid experiments.
The average liquid velocities varied from about 0 to 2 m/sec. The results indicated that the velocity of a single bubble in flowing liquid was the sum of the local liquid velocity in the vicinity of the bubble and of the velocity of rise of bubble in quiescent liquid.
For Taylor bubbles, the local liquid velocity is given by the maximum liquid velocity near the center of the channel.
The velocities of spherical and ellipsoidal bubbles are determined by the balance of forces acting on them, but that of the Taylor bubble appears to be determined by a different mechanism.
A good explanation of such a mechanism is Taylor instability at the gas-liquid interface well removed from the channel wall.
KEYWORDS: spherical bubble, ellipsoidal bubble, Taylor bubble, acceleration effect, bubble position, velocity distribution, free rise velocity, Taylor instability, turbulence promoter, two-phase flow INTRODUCTION Previous studies on the velocity of bubbleand slug-flows of gas-liquid two-phase flow are well presented in a paper by Zuber & Findlay(1) . They derived an equation which gave the weighted mean velocity of gas phase :
1/2=-Co<i>+172,
where Co stands for the effect of non-uniform flow and void concentration profiles, and 172, represents the effect of the local relative velocity between gas-phase and volumetric flux density. Values of 1.35, 1.45 and 1.6 are reported in that paper for the experimental values of Co, but the calculated values based on measured profiles of flow and void concentration ") always give values smaller than 1 .2. To explain this discrepancy, it is pertinent to examine the validity of an equation which is equivalent to ( 1 ) for a system involving only one bubble : (2) where Vi(r): Liquid phase velocity at displacement r from channel axis V2(r) : Velocity of rise of a bubble at same displacement r: Displacement of bubble path from channel axis Vs : Velocity of rise of a bubble in quiescent liquid
The following four points were considered in connection with this problem.
Acceleration Effect
It was considered possible that unknown acceleration effects on the bubble could impart to it a velocity higher than given by Eq. ( 2 ). These effects might possibly be caused by such factors as turbulence and shear stress in the liquid flow of these two factors, turbulence should be the more important when the time-averaged velocity in the liquid flow has a flat distribution, whereas with a velocity distribution changing with the radial displacement r, the effect of shear stress should acquire priority.
The effect of turbulence on the behavior of particles of small diameter compared with the scale of turbulence was first studied by Tchen(15), and theoretical solutions were presented under several assumptions.
But when the bubble diameter is of the order of several millimeters, it becomes necessary to solve nonlinear equations to estimate this effect on the behavior of the bubbles, and this problem has remained unsolved.
The drag coefficient of solid spheres present in turbulent flow was measured by Gauvin et al.(16) They reported that the drag coefficient decreases markedly with increasing relative intensity of turbulence.
To analyze the structure of turbulence, the usual method is to resolve the random variation of velocity into Fourier components.
This would indicate that the oscillating motion of particles in turbulent flow could be roughly estimated with a single Fourier component. The behavior of solid spheres and bubbles in oscillating liquid has been studied by Houghton(17) and Buchanan(18), respectively. In both cases, antigravitational movements have been noted-that is to say, solid spheres having densities greater than the surrounding liquid can be made to rise upward toward the free surface, while light bubbles can be drawn down toward the bottom of the vessel by applying a suitable frequency and amplitude to the fluid motion.
When 
Bubble Distribution
In order to gain information on void distribution in a two-phase flow, it is important to know the radial displacement of the path of a single bubble in a liquid flow. The velocity of a single bubble in a liquid phase with a non-uniform velocity distribution is subject to influences depending on the position of the bubble in the cross section of the flow.
What determines the bubble position is the force perpendicular to the flow, induced by the effect of the shear stress. Analytical studies on this problem have been performed (13) within the applicable range of Stokes' approximation, but since these studies have not so far yielded consistent results, a quantitative or systematic description of the phenomenon applicable to any fluid flow is yet to he given. The bubble in slug flow rises upward at a velocity that is related to the fastest moving liquid near the center of a charmer(3) and grows to be a Taylor bubble (which is also called a piston bubble or a bullet-shaped bubble). The velocity of rise of this bubble, unlike bubbles of other types, is independent of the volume of the bubble, so that some mechanism other than the balance of forces may be expected to determine the velocity of a bubble.
To gain information on the problems listed above, a series of experimental studies have been conducted by the author, which are described in the following pages.
Chapter II describes the experiments undertaken to derive the formula representing Vs,. The experiments presented in Chap. M are aimed at detecting the acceleration effect, and at determining the radial displacement of the path of a bubble. To estimate quantitatively the acceleration effect, calculations are performed on k, and k, of the equation.
Comparison of Eq. ( 3 ) with Eq. ( 2 ) would indicate the existence of a certain acceleration effect unless k,=k,=-1. Experiments to determine the behavior of Taylor bubbles in flowing liquid are described in Chapter N.
In all the experiments, tap water was used at room temperature, and the bubbles were produced by injecting air into the water flow with a syringe. Bubble velocities were measured from photographs taken by multiflash exposure. 
II. BEHAVIOR OF

Experiments
The experimental apparatus is shown schematically in Fig. I . The air is injected by a syringe into the capillary tube where the length of an air bubble is photographed, and the bubble is then sent into the electromagnetic valve (based on Zieminski et al. (6)). The fragmented bubbles reform into one void inside the electromagnetic valve, and the bubble is then released into the test tube by opening the valve. 
This Eq. ( 5 ) is represented in Fig. 2 by the dotted lines. The agreement with the measured plots is generally good. It is much better than obtainable with other formulas such as Harmathy's. The purpose of the experiment was to observe the acceleration effect, and the tendency of bubble path distribution mentioned in the Introduction.
In the present case the main object of interest was the acceleration effect produced by the velocity distribution of liquid phase. For this purpose, it was necessary to eliminate the wall effect on the bubble behavior.
To realize this condition, it was expedient to use a liquid channel of diameter as large as possible. Considering the limitation of pumping capacity a cylindrical tube of 50 mm 1.D. was used.
Under these conditions, it becomes possible to regard Vs in Eq. ( 2 ) as equal to V8.o for a bubble of several mm dia. and smaller, since it has been established that the effect of the tube wall becomes negligible when D/d>10 (5) , and also, the calculated values of VD/V8. using Eq. ( 5 ) approach 1.
The value of V8., in 50 mm I.D. tube was measured in preliminary experiments, whose validity was confirmed by comparison with the value given by Kubota et al. (14) . The experiments consisted of measuring the velocity distribution Vr(r) in liquid phase, the flow velocity V2 of the bubble, and the bubble path displacement r. These data were obtained to gain information on the tendency of bubble path distribution, and to evaluate the acceleration effect from the relation between Vi and V2.
As mentioned in the Introduction, the method of studying the acceleration effect must differ according to whether the distribution of time averaged velocity in the liquid flow is flat or dependent on r. In view of this, the velocity of bubble rise was measured at three different points : In this region, the velocity distribution is that of a fully developed turbulent flow. (3) The intermediate region between the regions E.R. and TP200 (to be designated TP50). In this region, the effect of artificial turbulence was investigated. This study aims not at the direct measurement of turbulence but at observing whether or not the turbulence has any accelerating effect on the bubble. In view of this aim, particular attention was paid to determine whether the distribution of the time averaged velocity of the flowing liquid would be affected by artificial turbulence, as it had been indicated by the preliminary experiment.
Experimental Apparatus and Method
The equipment used in this experiment was a water circulating loop with a bubble injecting system and a test section . The bubble injecting system introduces a single bubble into the center of the stream in the lower part of the channel.
The experimental arrangement is shown schematically in' Fig. 3. 
Experimental Results and Discussion ( 1 ) Bubble Velocity in Entrance
Region-E.R. (Fig. 3(a) )
The turbulence promoter (Abbreviation : T.P.) consists of a rod-shaped obstacle placed in the channel and rotated by a motor. Preliminary trials revealed that, with a turning speed above 50 c/sec, the distribution of timeaveraged velocity became independent of the turning speed. The experimental runs were therefore conducted with the speed fixed at 50 c/sec.
The velocity distribution of the flowing liquid was determined by means of a cruciform measuring device laid across the flow channel provided with Pitot-type pressure detecting holes.
The velocity distribution in the entrance region was found to be flat in the central core zone in the range of r/R<0.4. The measurements of the bubble velocity proved that the zone occupied by the bubble path is independent of the size of the bubble (d=0.52~1.16 cm), of the water velocity (VA =0.5~2 m/sec) , and the circumferential direction in the cross section, but distributed over an annular channel confined within the limits of 0.15< r R < 0.7. Within this annular channel, the trajectory of a bubble is usually irregular, and does not follow the helical path taken by an ellipsoidal bubble in quiescent liquid. Figure 4 presents an example of the bubble velocity V2(r) of the water in the cross section plotted against the maximum velocity V.
The dotted line drawn through the plots was obtained by least squares method. This relation is quite close to that holding between V2(r) and V ,(r) (where Vi(r) : Liquid velocity distribution at outlet of test section). The acceleration factors k, and k s are plotted against bubble volume in Fig. 5 , based on the assumption that V 2(r)=-V m and Vs= V8 in Eq. ( 3 ) . No significant correlation can be discerned from the plots, which scatter around the average values of k1=1.00 and ks=1.13. Since k1 has a larger effect on the value of V2(r) than does ks, no acceleration effect may be considered to exist.
( 2 ) Bubble Velocity in a Developed Turbulent Flow I -TP50 (Fig. 3(b) ) In order to examine how the velocity of bubble rise changes in turbulence artificially generated by the turbulence promoter, a series of runs were performed with the turbulence promoter either stopped (f=0 c/sec) or rotating at 50 c/sec (f=50 c/sec). The equivalent diameter of the bubble was fixed at 5.2 mm.
The experimental results are presented in Fig. 6 , where the relations with radial displacement r are plotted for the velocities of the water flow and of the rising bubble.
The plots reveal that, the path of the bubble is confined within an annular zone delimited by a range of radial displacement which we will designate by Kr>. In respect of the effect of artificial turbulence, when VM > 1.5 m/sec, V1,(r),V2(r) and<r> differ little between the cases of f=0 and f=50. But
These observed relations indicate that the action of the turbulence promoter imparts a rotary motion to the fluid, which tends to press the bubble closer to the tube wall, and that the tendency is enhanced at lower flow rates.
At flow rates above VM=1.5 m/sec, the pronounced mixing effect induced by flow is seen to have obliterated the effect of the artificially imparted turbulence.
The relation between V, and V2 is presented in Figs. 7(a)  and (b) , where the straight line has been determined by least squares method.
Assuming that Vs=V8, k1, and ks are estimated from Eq. ( 3 ) to be : Hence it may be judged that, whether with or without artificial turbulence, no significant acceleration effect could be discerned under the present conditions of experiment.
( 3 ) Bubble Velocity in a Developed
Turbulent Flow 11 -TP200 (Fig. 3(c) ) In order to observe the velocity of rise of a single bubble in a developed turbulent flow, the velocity of bubble rise was measured at a region about 60D downstream from the outlet of the surge tank.
The turbulence promoter was rotated at VM=1 and 2 m/sec, for comparison with results obtained without artificial turbulence.
The equivalent diameter d of the bubble was fixed at 5.2 mm.
The results obtained from the runs without artificial turbulence are shown in Fig. 8  (a) , and with artificial turbulence in Fig. 8(b) . It is seen that when Vm=1 m/sec Kr) appears to be somewhat larger at f=50 than at f=0, while the distinction is obliterated when VM =2 m/sec , thus indicating that the effect of artificial turbulence would disappear around VM=1.5 m/sec as in the case of TP50. Figure 9 presents the relation between V, and V2, derived from the data given in Fig.  8(a) . The straight line has again been determined by least squares method.
The acceleration factors derived, as before, using Eq. ( 3 ) and the assumption that Vs,= V8_ are, this time, k1=1.010, k2=1.16 which again evidence no significant acceleration effect.
Summary
Measurements were made to determine the acceleration and the preferred paths of a single bubble by measuring the velocity of ascent of a single bubble injected into an upward flowing liquid (tap water) in a cylindrical tube of 50 mm I.D. No evidence was obtained of any tendency of the bubble to be accelerated by the liquid flow. Hence it may be judged that in a system such as that used in this experiment, the acceleration effect of turbulence and the effect of non-uniform distribution of the liquid flow on the bubble can be neglected, which validates Eq. ( 2 ) for expressing the velocity of rise of such bubbles.
With increasing velocity of bubble rise, the path followed by the bubble tends to approach closer to the wall. The effect pro- 
Experiments
The experimental apparatus is shown schematically in Fig. 10 . After passing the test section, water is conducted into a measuring tube, where the volumetric flow rate is measured, from which the average velocity VA is calculated.
Fragmented bubbles were produced by injecting a suitable amount of air into the water from a syringe.
The fragmented bubbles merge into one bubble in the dumping cup. After the flow becomes steady, the bubble is released into the flow by invertion of the cup.
Experimental Results and Discussion
The experimental results are shown in Fig. 11 . The equations noted alongside the straight lines are the expressions relating V2 to VA derived by least squares method. The coefficient is approximately 1.2 for both cases. These coefficients can be regarded as the ratio between the maximum velocity and the average velocity of turbulent flow in a cylindrical tube, i.e., 1.2VA=VM. From the above, it is clear that with tubes of both diameters the velocity of Taylor bubbles can be expressed by Eq. ( 6 ) .
Analogously to the case of Taylor bubbles in quiescent water, the concept of Taylor instability could be extended to Taylor bubbles in flowing liquid as the mechanism that determines their velocity of rise. Taylor instability is thought to occur most readily at the interface between the air and the liquid at the center of the tube where the liquid flows with velocity V if. Hence the velocity of the Taylor bubble can be regarded as equal to the velocity of the propagation of disturbance of the Taylor instability. While the velocity of bubble rise can always be represented by Eq. ( 7 ), the physical meanings differ somewhat according to the type of bubble. The velocity of rise of spherical and ellipsoidal bubbles is determined by the balance of forces and depends on the bubble volume, whereas it is independent thereof in a Taylor bubble, whose velocity of rise is determined by some mechanism other than the balance of forces.
A good explanation of such a mechanism is, Taylor instability.
The next stage of this study will be to analyze in greater detail the structure of the actual two-phase flow by modifying Eq. (7 ) to take account of bubble distribution and interaction between bubbles. 
